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In this study, the mechanical and wear properties of AISI 316L stainless steel implant materials, produced by powder metallurgy 
(P/M), were investigated. AISI 316L stainless steel powder was cold-pressed with 800 MPa of pressure and then sintered at 1200, 
1250 and 1300°C for 30 min as three sample groups. The microstructure, and mechanical and wear properties of the resulting 
steels were investigated. Light optical and scanning electron microscopiese were used to characterize the microstructure of the 
steels. Room temperature mechanical properties of the steels were determined by hardness measurements and impact tests. Wear 
was determined using the pin-on-disc wear test, and the results were evaluated according to weight loss. The results indicate that 
the sintering temperature, time and atmosphere are important parameters that affect the porous ratio of materials produced by P/M. 
Sintering at high temperature can eliminate small pores and make the residual pores spherical. The wear tests showed that the 
wear of the AISI 316L stainless steel implants changed depending on the sintering temperature and load. Spherical pores in the 
samples increase the wear resistance. Moreover, decreasing the porosity ratio of these materials improves all of their mechanical 
properties. 
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Implants have been used since 1660 for various purposes. 
Modern use of implants in dentistry and medicine began in 
1960 [1]. Today many types of metallic and non metallic 
implants are used in the human body for different purposes. 
Artificial materials with appropriate physical, mechanical, 
chemical and electrical properties are often used in orthope-
dic applications [2]. A collective interdisciplinary study of 
implants including the fields of medicine, biology and some 
branches of bio engineering such as biomechanics and bio-
materials science is required [3].  
The first implants produced from metallic materials by 
powder metallurgy (P/M) date back to the 1960s when a 
porous hip prosthesis was produced from Co-Cr-Mo alloy. 
These studies aimed at improving the mechanical and phys-
ical properties of P/M implants [4]. P/M processing meth-
ods have helped to improve surgical implants in the last 
20–30 years. Implants produced by P/M are specifically 
preferred in orthopedic and dentistry cases where a robust 
and reliable implant-bone connection and a high load bear-
ing capacity are needed [5]. Implants that are produced by 
hot isostatic pressing of prealloyed powders can have ideal 
mechanical properties. In addition, P/M can produce fine 
grain size, improve the homogeneity of the material, and 
allow the production of final size, high quality implants in a 
cost effective manner [6]. P/M has been used to improve the 
microstructure and mechanical properties of implants as 
well as avoid possible casting defects [7].        
Stainless steels produced by P/M play an important role 
in the machine industry because of their low production cost 
and reduced need for part processing. In current industrial 
processes, P/M stainless steels have a specific mass of 
7.0–7.1 g/cm3 while the theoretical specific mass of stain-
less steels today is about 7.9 g/cm3. Studies are being con-
ducted to improve the characteristics of P/M stainless steels 
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[8]. P/M stainless steels are superior to other stainless steels 
because of their low cost, precise size control, and better 
wear and corrosion resistance, which are important quality 
indicators [9]. Recently the wear and corrosion resistance of 
P/M stainless steel parts have been improved by modifying 
the process parameters. The wear mechanism of P/M 316L 
stainless steel depends strongly on its microstructure, which 
is influenced by the sintering atmosphere [10]. Other studies 
have attempted to increase the specific mass, decrease the 
porosity and improve the fatigue behavior of P/M stainless 
steel parts [11]. 
AISI 316L stainless steels have a low carbon and high 
nickel and chromium content. A low carbon content helps to 
prevent corrosion. However, this kind of steel may experi-
ence internal wear and corrosion where the stress and oxy-
gen consumption is high [12]. Because weakness and failure 
of the prosthesis material will require the patient to undergo 
subsequent surgical operations, the material must have ex-
cellent mechanical, wear and corrosion properties [3]. In 
this study, the effects of sintering 316L stainless steel pro-
duced by P/M at different temperatures on its microstructure, 
mechanical properties and wear behavior were investigated.  
1  Experimental  
In this study, AISI 316L stainless steel powder with a chemi-
cal composition of Cr 17.4%, Ni 12.8%, Mo 2.3%, Mn 
0.2%, Si 0.8%, C 0.08% and the balance of Fe was used. 
Zn-Sterat (0.6%) was added into the powder as a lubricant. 
Before pressing, the stainless steel powder and lubricant 
were mixed in a conical mixer at 22 r/min for 20 min. A 
single action press with a capacity of 400 kN was used to 
press the powder. Before sintering, the samples were pressed 
with a compacting pressure at 800 MPa to give an initial 
density of 6.906 mg/m3. The density before pressing was 
the same for all of the samples. Prismatic samples were then 
produced by sintering the compressed samples at 1200°C 
(Group 1), 1250°C (Group 2), and 1300°C (Group 3) in an 
atmosphere-controlled oven under nitrogen gas. 
After preparing the samples in accordance with the stand-
ard metallographic procedure, the microstructures of the 
investigated alloys were analyzed using a metallurgical light 
optical microscope (LOM, Leica DM ILM), a camera sys-
tem (Leica DFC290), and a scanning electron microscope 
(SEM, Jeol 6060).  
The mechanical properties of the steels at room tempera-
ture were determined using hardness and impact tests. The 
hardness of the samples was measured using the knoop in-
denter in a microhardness testing machine. Impact tests 
were conducted without a notch on four samples from each 
of the three different groups at room temperature. The mi-
crostructures of the fractured surfaces obtained from impact 
testing were analyzed by SEM. 
Wear tests of the investigated steels under dry conditions 
were carried out using a pin-on-disc-type wear device. The 
samples were tested under forces of 5, 10, and 20 N at a 
sliding rate of 0.5 m/s and a sliding distance of 2000 m. The 
weights of the samples were measured before and after the 
experiment using electronic scales with an accuracy of 0.1 
mg, after which the results of the experiment were evaluated 
according to the loss in weight. The surface of the speci-
mens was analyzed using LOM and SEM to determine the 
wear mechanisms of the samples.   
2  Results and discussion 
The optical microstructures of P/M 316L stainless steel im-
plant samples sintered at 1200, 1250 and 1300°C for 30 min 
are shown in Figure 1. The optical micrographs reveal the 
pore distribution and, ratio of the samples and also show the 
presence of powder grains. The ratio, type, shape and size 
of pores, and the powder grain size have important effects 
on the mechanical properties of materials produced using 
P/M.  
The samples sintered at 1200°C contain many pores with 
irregular shapes and sharp edges. There are very big pores 
between the powder grains and the grain boundaries are 
indefinite. As can be expected from the microstructures of 
these samples, their mechanical properties are very poor 
because of the high porosity ratio caused by insufficient 
sintering. Pores with irregular shapes can also be seen in the 
microstructure of the samples sintered at 1250°C. However, 
because the sintering temperature of this group was higher 
than that of the first group, the porosity ratio is lower. 
However, powder grain boundaries are still indefinite and 
grains are irregularly sized. The samples sintered at 1300°C 
possess a low porosity ratio and the pores are spherical, 
which significantly improves the mechanical properties of 
these samples. The optical microstructures of this group of 
samples show that sintering at 1300°C is acceptable in 
terms of grain boundaries, pore geometry and porosity ratio.  
SEM micrographs of the samples are shown in Figure 2. 
An SEM micrographs of a sample sintered at 1200°C shows 
capillary and sharp-edged pores in the grain boundaries. 
This is a result of insufficient sintering, and negatively af-
fects the mechanical properties of this group. The samples 
sintered at 1250°C contained many sharp-edged pores in the 
grain boundaries. As above, this is a result of insufficient 
sintering and decreases the strength of the material. In the 
SEM micrographs of a sample sintered at 1300°C, smaller, 
more spherical pores were seen in the grain boundary com-
pare with those in samples sintered at lower temperature. 
The higher sintering temperature improves the mechanical 
properties of the samples. Comparison of the SEM micro-
graphs of the three groups of samples shows that the me-
chanical properties of P/M 316L stainless steel implant 
samples are influenced by the sintering conditions. 
The microstructure and mechanical properties of P/M  
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Figure 1  Optical micrographs of P/M 316L implant materials sintered at 
1200°C (a), 1250°C (b) and 1300°C (c). 
steels can be improved by changing the sintering conditions. 
In addition, the sintering temperature, time and atmosphere 
can also be optimized to decrease the porosity ratio of mate-
rials produced by P/M. High temperature sintering can be 
used to eliminate small size pores, make residual pores 
spherical, and homogenize the steel. Spherical pores in-
crease the tensile and fatigue strength of a sample [13]. It is 
known that pores are the most important factor defining the 
mechanical properties of P/M steels. Decreasing porosity 
ratio of P/M materials improves all its mechanical proper-
ties. The shape and size powder grains are important factors 
to decrease the porosity ratio of P/M materials. As a result, 
powder grain geometry, and sintering temperature, time and 
atmosphere should all be taken into account when designing  
 
Figure 2  SEM micrographs of P/M 316L implant materials sintered at 
1200°C (a), 1250°C (b) and 1300°C (c).  
a sintering process. The mechanical properties of P/M ma-
terials sintered under suitable sintering conditions are sig-
nificantly improved because the materials possess a low 
porosity ratio [13].  
The hardness distributions of the three groups of samples 
determined by microhardness measurement are shown in 
Figure 3. The hardness of the three groups of samples has 
increased depending on the sintering temperature. In general, 
the samples that are sintered at 1300°C (3rd group) have 
high microhardness. A maximum microhardness of 393 HK 
was obtained for this group [13]. The microhardness of ISO 
5852-1 as-cast 316L stainless steel is 289 HK [14]. The 
surface hardness of the samples depends on how P/M sam-
ples are compacted, powder lubrication conditions and the  
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Figure 3  Hardness of steels sintered at different temperatures. 
density obtained as a result of the properties of the powder 
[15]. The microhardness of the samples that were sintered at 
1200 and 1250°C are lower than that of the sample sintered 
at 1300°C.  
The experimental results of impact testing of AISI 316L 
powder metal stainless steel samples sintered at 1200, 1250 
and 1300°C are presented in Figure 4. The samples sintered 
at 1200 and 1250°C have relatively high impact energy be-
cause of their irregular pores caused by insufficient sintering. 
The impact energy of the samples in the group that was sin-
tered at 1300°C was slightly lower. SEM images of the 
fractured surfaces of the test samples are shown in Figure 5.  
Irregular and sharp-edged pores, and ductile fractures at 
the intergranular necks caused by insufficient sintering can 
be observed in the fractured surfaces of the samples sintered 
at 1200 and 1250°C. On the other hand, the samples sintered 
at 1300°C are brittle and ductile. The impact energy of the 
samples in this group is slightly higher than the other sam-
ples because better sintering occurred at 1300°C.  
Figure 6 shows the variation in weight loss of the inves-
tigated steels versus load. The weight loss increased as the 
load and sliding distance increased. The steels sintered at 
1300°C exhibited the highest wear resistance. Irregular 
shaped and sharp-edged pores were observed in the steels 
sintered at 1200 and 1250°C (Figure 1), so they were softer 
than the samples sintered at 1300°C. On the other hand, 
because complete sintering of the steels was accomplished at 
1300°C, porosity ratio decreased and the pores became 
spherical. This led to improved hardness, which in turn  
 
Figure 4  Impact toughness of steels sintered at different temperatures. 
 
Figure 5  SEM micrographs of impact fracture surfaces of P/M 316L 
implant materials sintered at 1200°C (a), 1250°C (b) and 1300°C (c). 
increased the wear resistance of this group of samples. 
SEM images and EDS analyses of the worn surfaces are 
presented in Figure 7. In the images, the wear mechanism is 
generally abrasive, with groove development and partial 
fracture. Finer grooves are present on the wear surface of 
the samples sintered at 1300°C, and more oxygen peaks 
were seen on these worn surfaces, which means an oxide 
layer was present. Partial fractures were seen on the worn 
surfaces of the samples sintered at 1200°C. In addition, 
there was a very low oxygen peak on the worn surface, so 
an oxide layer was not present. The lack of an oxide layer 
increases the contact between the surface and metal disk, 
which leads to increased wear of the samples sintered at 
1200°C.  
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Figure 6  The relationship between weight loss and applied load for samples sintered at 1200°C (a), 1250°C (b) and 1300°C (c). 
 
Figure 7  SEM micrographs and EDS analysis of worn surfaces.  
3  Conclusions 
Sintering temperature, time and atmosphere are important 
parameters affecting the porosity ratio of P/M materials. 
The ratio and type of pores in a sample significantly influ-
ence the mechanical and wear properties of P/M materials. 
SEM images indicate that insufficient sintering, as was 
found in the first and second groups of samples, resulted in 
low wear resistance and microhardness. In the third group 
of samples, use of a higher temperature resulted in better 
sintering, increasing wear resistance and microhardness. 
Comparison of the results obtained for the three groups of 
samples revealed that the mechanical properties of P/M 
316L stainless steel implant samples were the best for sam-
ples sintered at 1300°C.  
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